INTRODUCTION
Decades of research on rice has generated several knowledge resources (1) such as genome sequences (2) , annotations (3, 4) , transcript data (5, 6) , mutant resources (7, 8) and germplasm collections (9,10) available through several excellent databases (4, 6, 7, (11) (12) (13) (14) (15) (16) or published literature, with a sole aim to understand every aspect of rice biology. Although, these databases have exhaustive data on rice, they do not precisely catalogue and integrate every detail of the experimental data published in scientific literature. Characterization of every genetic component in rice (17) requires seamless integration of data from various sources and thus, data curation has emerged as a major challenge (18, 19) . Bulk of scientific data are available as peer-reviewed articles accessible either through manual reading or through databases that mine the text of the articles (20, 21) . Extensive efforts have been done to develop efficient text-mining approaches (22) (23) (24) to enrich and integrate scientific data (25) . Primarily, text-mining is done with a certain perspective and may not capture all the aspects of the data presented in the article. Moreover, text mining is a slow post-publication exercise, it is almost impossible to keep pace with the accumulation of published literature. Thus, there is a need to develop novel curation concepts which can deliver precise and fast integration of data (17) . In the current study, we have demonstrated the feasibility of digitizing the experimental data instead of mining the text of the article. Digitization of experimental data itself offers several advantages:
(1) Digitization would render the experimental data amenable to computerized search such that exact data from multiple articles can be searched/retrieved rapidly. (2) Digitization into a standard computer readable format would facilitate a seamless and semantic integration of data. (3) Data models for digitization of experimental data may be extended further to enable pre-publication integration of data. Thus, from the very beginning, the data would be in a format where it can be integrated into any database with minimal manual intervention. Such approach would help close the gap between the curated databases and the accumulated scientific literature.
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Digitization of the experimental data via manual curation: concept
The manual curation workflow adopted in developing the database is designed to digitize the actual experimental data published in peer-reviewed articles. Such experimental data are mostly presented as images or graphs and is thus obviously not suitable for any computerized search. Moreover, there are no universal data representation standards for such experimental data. Thus, we developed the data curation workflow that was guided by the need to digitize experimental data as well as to lay foundation for development of standard representation of experimental data. The basic concept is depicted in Figure 1a and is dealt in detail elsewhere (Raghuvanshi et al. 2013, manuscript under preparation). In simple terms, every data point in a graph or image represents data of several dimensions such as gene name, plant type, tissue and growth conditions. Over the years, several ontologies and standard notations have been developed to represent at least some of these data types (26) (27) (28) . Thus, a combined systematic use of these notations can represent information contained in every data point such that every data point is represented by a collection of these predefined terms. Since the notations would be alphanumeric in nature with pre-defined definition, the data can now be stored in any relational database and can be easily searched and correlated. Based on this concept, we have extensively used existing ontologies as well as in-house developed notations. To represent rice gene/protein, 'Rice Genome Annotation Project (RGAP)' locus ids have been primarily used (29) . In cases where it was not possible to assign a RGAP id, the GenBank id has been used. Moreover, in several studies rice gene is studied in a heterologous plant system. In such cases, the experimental data may represent the expression of the heterologous gene. Thus, if the gene is from Arabidopsis, the 'The Arabidopsis Information Resource' (TAIR) (30) (27) . In order to accurately denote environmental conditions, the 'EO' term is appended with additional data such as time of treatment, concentration, etc. The 'Trait Ontology' terms have been used to represent phenotypic or biochemical traits while the functional aspect of the protein is depicted with the help of 'Gene Ontology' (32) . It may be noted that due to the vast complexity of the published experimental data, none of the above mentioned ontologies were sufficient to encode every aspect of data. Thus, a large number of new terms had to be defined for most ontologies to efficiently digitize the experimental data. The ids of all new ontology terms start with the numerical digit '1' (such as TO:1000413-ascorbic acid content) to differentiate them from the pre-existing terms.
Besides the use of existing ontologies several other notations had to be developed to represent data for which no ontology exists. One of the most important is the notation to represent various experimental techniques. There are numerous different experimental techniques that are used in biological sciences and it is important to be aware of the experimental technique before any inference can be drawn from the data. Moreover, since all different type of experimental data is being coded with the help of similar set of ontologies and notations, it is very important to record the nature of the experiment. For example, a data point represented by '[LOC_Os05g46480/ PO:0009005 (roots)]' would either represent the transcript levels of LOC_Os05g46480 in roots in a RT-PCR experiment or protein levels in a Western analysis. Thus, the context in which each term is used is essential for interpretation of the data. Notations were also defined to represent the type of rice plant that was used in the experiment, i.e. whether it was a wild type, transgenic over-expression, transgenic-RNAi line, mutant, etc. as well as to represent the promoters used to drive the transgene.
The current release of the database
The current release of the database catalogues data for over 1800 rice genes from 400 peer-reviewed research articles (Figure 1b) . Data from more than 4000 different experiments have been digitized using in-house developed manual data curation models. These experiments are based on a total of 140 different experimental techniques mostly related to gene expression analysis, biochemical activity analysis, protein-protein interaction, DNAprotein interaction and cellular/sub-cellular localization. Majority of the curated articles are from the year 2007 onwards and published in a variety of peer-reviewed plant biology journals. Figure 1c shows the distribution of the 'top five' Environmental Ontology, Gene Ontology (biological process) and Trait Ontology terms. Based on the curated experimental data, these genes have been associated to more than 600 different traits and over 300 Gene Ontology terms. The most frequent traits include physical traits such as 'survival rate', 'plant height' and 'root length'. Since there is a large collection of research articles on rice and the curation process is pretty extensive, we have tried to concentrate on studies related to abiotic stress in rice. This is clear from the distribution of the most frequent Gene Ontology terms that describe response to various abiotic stress conditions. The database also has protein-protein interaction data for 199 rice proteins as well as DNA-protein interaction data for 51 rice proteins.
How to access the database?
Every aspect (gene id, tissue, growth conditions, etc.) of the experimental data has been encoded with the help of defined notations (ontologies, etc.) and thus it is possible to retrieve the same set of data from several different perspectives. The database can be accessed either by browsing or searching for a particular keyword or term (Figure 2) . A global overview of the data from different perspectives can be acquired by 'browsing' the database. Specific queries can be made by searching the database with the help of any of the ontology terms or with the help of a keyword. Both basic and advanced search options are available.
Browsing
The entire content of the database is summarized from six different aspects for browsing. The data can be browsed by either PubMed id, rice gene locus id, plant tissue/developmental stage (Plant Ontology term), growth conditions (Environmental Ontology), phenotypic or biochemical trait (Trait Ontology) and gene function/ localization (Gene Ontology term). While browsing by 'PubMed id', a list of all the articles curated in the database along with basic information such as title, authors, journal as well as the abstract is shown (Figure 3a) . This list can be sorted either by PubMed id, journal or year of publication. A search option based on 'PubMed id', journal, author, year as well as any key word that may appear in the title of the article is also provided. On 'clicking' the PubMed id of interest, a list of all the rice gene loci that have been studied in that article is shown followed by a list of experiments that have been digitized (Figure 3b) . Further, selecting any rice gene locus opens the 'Rice gene details' page that summarizes the information about the rice gene as presented in the selected article (Figure 4) . Initially, the data shown would be restricted to the selected article, however, it is also possible to access data for the rice gene locus gathered from all the articles that have been curated in the database by selecting the option 'Search entire database for LOC . . . .'. The information in the 'Rice gene details' page is divided into several sections. The section titled 'Basic information' presents the information about the protein domain as available in the Pfam database (33) . The 'Functional details' sections list all the GO terms that have been mapped to the rice gene based on the experimental data. 'Clicking' on any of the GO term id provides the details of the experiment on the basis of which the GO term has been assigned. GO terms with (RGAP) tag have been acquired from the RGAP database (30) . Similarly, the 'Plant developmental stage/ tissue details' section lists all the tissue or developmental stages where the selected rice gene has been studied. The presence or absence of expression/protein activity in a particular tissue/developmental stage is indicated by '(+)' or '(-)' sign, respectively. Thus, '(-)' means that although expression level or gene activity of the gene has been studied in that particular tissue but no detectable expression or activity was found. Selecting any of the PO terms presents the digitized data of the related experiment. In most cases, the data pertaining to a gene in a particular PO would only be part of the total experiment (e.g. one bar of the entire real-time RT-PCR graph). In such cases, initially data for only the selected data point would be shown, however, one can see the data for the entire experiment by selecting the 'Show data for entire experiment' option. The information about the environmental conditions under which the expression and activity of the gene has been studied is given as a list of Environmental Ontology terms in the 'Environment details' section. Thus, for example the affect of abiotic stress conditions such as drought, heat, salinity or hormones and other chemicals is recorded with the help of the EO terms. Selecting any particular EO term shows the digitized experimental data. Again 'Show data for entire experiment' option can be used if one wants to see the data of the entire experiment. The section entitled 'Trait details' summarizes all the phenotypic or biochemical traits that have been associated with the selected gene. The digitized experimental details can be accessed as explained above in the case of 'Plant developmental stage/tissue details'. The last section summarizes the physical interaction data (protein-protein and protein-DNA) for the rice protein.
The database can also be browsed through rice gene ids. This gives a list of all the rice genes that have been curated in the database. The first column of the table contains rice gene id that has been curated which in most cases is the RGAP locus id. A significant number of papers do not cite the relevant RGAP locus id. In such cases, RGAP locus id was assigned on the basis of sequence alignment at DNA level. If there was 100% identity and coverage between the gene sequence (mostly GenBank id) mentioned in the article and any RGAP locus id then the data were encoded using RGAP locus id. In case of lower but significant similarity the data were encoded using the original id (or the corresponding protein id, in case the mentioned id is of a genomic sequence or cDNA) as mentioned in the article and the closest RGAP locus id is mentioned in the column titled 'Nearest RGAP protein id'. The column 'Associated proteins' gives information of all the rice genes that have been experimentally shown to be associated with the concerned rice protein. Rice proteins having physical association are indicated with tag '(I)' whereas proteins that may affect the expression are indicated by tag '(R)'. If a protein affects the function of the concerned protein then it is indicated by tag '(F)'. Selecting any gene id in the first column opens the 'Rice gene details' which has been described as above. Similarly, the database can also be browsed by Plant Ontology term. This gives the list of all the Plant Ontology terms that have been curated in the database. Selecting any one term lists all the rice genes that have been studied in the selected plant tissue or developmental stage. Further selecting the rice gene id opens the 'Rice gene details' page. Browsing by Environmental Ontology, Trait Ontology and Gene Ontology follows the similar trend.
Searching the database
The database can be searched on the basis of gene id, plant developmental stage, plant part/tissue, environmental conditions, associated traits, associated molecular function, associated biological process or cellular localization. The search can be done by either specifying the exact 'term' id or the keyword. In order to facilitate this the search function operates in two tiers. If an exact 'term id' is defined (such as protein id, ontology term id) the relevant results are shown immediately. In case a keyword is given, in the first stage a list of all the related terms is displayed. The user may then select one or more of these terms and then proceed to the second stage where data relevant to the selected term is shown. It may be noted that search would be much faster when an exact id is specified such as 'PO:OOO9005' instead of the keyword 'root'. It is also possible to formulate search with multiple terms and boolean operators AND and OR. The output of the search is a list of rice gene ids as well as the link to the exact experiment (PubMed id and experiment no.) where the search term has been used.
Major highlights
Digitization of experimental data of published peerreviewed studies is a relatively less explored dimension of data curation. Nevertheless, it offers several advantages. Some of the major aspects that stand out are as follows:
(a) Seamless semantic integration of data: The digitization of the experimental data has been done using the same basic elements (i.e. ontologies and notations) thus providing a natural connectivity of data coming from different experimental set-ups. (b) Universality of the basic concept: The fundamental models developed to digitize the experimental data on rice genes are universal in nature and can be easily adopted for other organisms as well. The basic requirement is the availability of organism specific ontologies. The current exercise has led to a significant enrichment of plant ontologies as a large number of novel terms had to be defined in order to digitize the published experimental data. (c) In-depth and precise functional annotation: One of the major advantages of indexing the experimental data itself is the preciseness of the functional annotation of the genes. The assigned GO terms lie very low in the hierarchy and are thus more precise in nature.
There is a direct connection of the associated 'GO' term with the experimental data that was used to assign the GO term. Another aspect is the cataloguing of the dependencies of a particular GO term assigned to the protein. For example a 'kinase' activity of the protein may be dependent on the presence of other protein, certain environmental conditions or restricted to a plant tissue. Such dependencies have also been catalogued. 
Future perspective
The database will be updated every 6 months and as the curation progresses the data would be enriched by inclusion of studies from diverse aspects such as biotic stress, yield, etc. The ultimate aim is to digitize all the relevant articles but since the task is enormous we are proceeding in a methodical manner so that important aspects such stress biology (abiotic or biotic), yield are better represented. The concept of digitization of the experimental data from peer-reviewed research articles is relatively new and is bound to evolve. Better user-friendly portals are being developed to facilitate easy and fast digitization of experimental data. Such portals would also enable active participation of third party curators to meet the challenge of curating all the articles. Lab data management implementation may integrate these curation models so that they can be used not only to store data but also in designing of the experiment from the very beginning. Thus, at the time of publication, the data would already be in a format compatible for integration in the database.
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